Monodisperse porous nanospheres benefit from the remarkable and complementary property of well-developed porous porosity and zero-dimensional (0D) nanoscale morphology. Their well-defined porous structure, large surface area and unique nanospherical shape make porous nanospheres quite useful in adsorption[@b1], drug delivery[@b2][@b3][@b4][@b5], energy storage[@b6][@b7], and catalysis[@b8][@b9][@b10][@b11][@b12]. Many monodisperse porous inorganic nanospheres, such as silicate[@b4][@b5][@b9][@b13][@b14][@b15][@b16][@b17][@b18] and metal (oxides)[@b6][@b12][@b19][@b20][@b21][@b22][@b23][@b24][@b25] have been extensively synthesized based on sol-gel chemistry[@b24][@b26], solvothermal chemistry[@b27], and template method[@b28][@b29]. However, their organic counterparts, i.e., monodisperse porous polymeric nanospheres, have attracted much less attention, although they have unique advantages, including facile incorporation of multiple chemical funtionalites, and weight advantage because of composition of light elements[@b30].

Up to now, it remains a great challenge to fabricate monodisperse porous polymeric nanospheres with diameter below 500 nm, considering that most of them always demonstrate poor polydispersity[@b31][@b32] or have much larger particle sizes[@b33][@b34]. This could be because during normal crosslinking treatment for introduction of pore structure into nanosphere, the undesired crosslinking between neighboring nanospheres will be inevitable when the particle size is below 500 nm and will become more and more serious with further decreasing the particle size. To avoid the inter-sphere crosslinking phenomenon, researchers have developed a "protective crosslinking" strategy[@b35]. Nevertheless, this method is somewhat complex and costly given its multiple synthetic steps and sacrificial use of protective block copolymer outer shell.

Herein we describe the synthesis of highly monodisperse microporous polystyrene (PS) nanospheres (MMPNSs) with diameters as low as 190 nm based on a facile hypercrosslinking strategy. As shown in [Figures 1](#f1){ref-type="fig"} and [S1](#s1){ref-type="supplementary-material"}, monodisperse PS nanospheres with divinylbenzene precrosslinking were initially prepared as the precursor, and subsequently were treated with a simple hypercrosslinking procedure to obtain the monodisperse microporous PS nanospheres. The fast hypercrosslinking of the PS chains on the periphery of PS nanospheres leads to the rapid formation of almost unreactive crosslinked PS outer skin and thus minimizes the undesired inter-sphere crosslinking, providing a high monodispersity to the product. The intra-sphere hypercrosslinking creates a well-developed microporous network inside a single PS nanosphere. This method reveals a highly versatile approach for preparation of monodisperse porous polymeric nanospheres.

The as-prepared MMPNSs with high surface areas demonstrate multifunctional properties, including remarkable colloidal stability in aqueous solution, good adsorption-release performance of drugs, and high adsorption capacity toward organic vapors. To the best of our knowledge, such small-sized MMPNSs with highly desired multifunctionality have not been reported yet. Furthermore, we discovered that MMPNSs of this type can be successfully transformed into monodisperse microporous carbon nanospheres (MMCNSs) via a unique hydrothermal-assisted carbonization procedure. Such a reliable procedure represents a great advance for fabrication of carbonaceous nanospheres from polymeric counterparts without sacrificing the desired monodispersibility during pyrolysis. We hope that the as-prepared MMPNSs and MMCNSs can find use in a spectrum of potential applications, including air cleaning, drug delivery and energy storage.

Results
=======

The typical monodisperse PS nanosphere sample PS-1 presented a very low polydispersity index (PDI) of 0.005, as measured by dynamic light scattering (DLS), [Figure S2a](#s1){ref-type="supplementary-material"}, and demonstrated perfect spherical morphology, according to SEM image in [Figure S2b](#s1){ref-type="supplementary-material"}. The diameter of PS-1 was measured to be 228 nm by means of SEM image analysis, [Figure S2c](#s1){ref-type="supplementary-material"}. PS-1 was subsequently treated with a simple hypercrosslinking procedure based on Friedel-Crafts reaction of PS chains with the crosslinker carbon tetrachloride (CCl~4~) to produce a MMPNS sample MMPNS-CT1. We found that upon addition of catalyst anhydrous aluminum chloride, the color of PS nanosphere solution in CCl~4~ at 75°C was changed quickly from milky to brick-red after 1 minute and to black after 2 minutes ([Figure S3a](#s1){ref-type="supplementary-material"}), revealing a very fast hypercrosslinking rate. At the very beginning, the hypercrosslinking reaction only occurred on the periphery of PS nanospheres, since the catalyst initially existed around PS nanospheres. This led to the rapid formation of an almost unreactive crosslinked outer skin for each PS nanosphere, thus minimizing the undesired crosslinking reaction between neighboring PS nanospheres. After that, the catalyst gradually penetrated through the outer skin into the inside to undergo the intra-sphere hypercrosslinking, leading to the product MMPNS-CT1. The MMPNS-CT1 had a weight gain of about 28 wt.% because of the introduction of --CO-- crosslinking bridges from the crosslinker CCl~4~ ([Figures S5 and S6](#s1){ref-type="supplementary-material"})[@b36][@b37][@b38][@b39], which could be translated into the molar ratio of styrene unit to --CO-- bridge approximately equal to 1, indicating a hypercrosslinked structure characteristic.

DLS curve in [Figure 2a](#f2){ref-type="fig"} clearly shows that the as-prepared MMPNS-CT1 demonstrated very high monodispersity characteristic with a PDI of 0.005, which is supported by SEM image in [Figure 2b](#f2){ref-type="fig"} and TEM image in [Figure 2c](#f2){ref-type="fig"}. The diameter of MMPNS-CT1 was measured to be 246 nm, according to the SEM image analysis, [Figures 2b](#f2){ref-type="fig"} and S7a. In order to prove the importance of rapid hypercrosslinking for such high monodispersity, a control experiment was carried out at a low reaction temperature (i.e., 0°C) to slow down the hypercrosslinking rate ([Figure S3b](#s1){ref-type="supplementary-material"}). Just as expected, the resulting control sample had a much larger hydrodynamic diameter (473 *vs* 228 nm) and a much higher PDI (0.105 *vs* 0.005) than its precursory PS-1 ([Figure S4](#s1){ref-type="supplementary-material"}), indicative of obvious crosslinking between nanospheres in the case of slow hypercrosslinking reaction. High-resolution TEM image in [Figure 2d](#f2){ref-type="fig"} reveals that MMPNS-CT1 presented a unique 3D network-type microporosity, because of its hypercrosslinked structure characteristic ([Figure S5](#s1){ref-type="supplementary-material"})[@b37][@b38][@b39]. The introduction of microporosity is well supported by a slight increase of particle diameter for MMPNS-CT1 relative to its precursory PS-1 (246 *vs* 228 nm), [Figure S7a](#s1){ref-type="supplementary-material"}. Furthermore, such a micropore structure can also be confirmed by an obvious adsorption uptake at low relative pressure in the N~2~ adsorption-desorption isotherm of [Figure 3a](#f3){ref-type="fig"}. According to the pore size distribution curve by density functional theory (DFT)[@b40][@b41] in [Figure 3b](#f3){ref-type="fig"}, micropores of MMPNS-CT1 were centered at 0.7 and 1.3 nm in diameter. A Brunauer-Emmett-Teller (BET) calculation gave the BET surface area (S~BET~) for MMPNS-CT1 equal to 386 m^2^g^−1^, and the total pore volume (V~t~) was calculated to be 0.28 cm^3^g^−1^ according to the amount adsorbed at a relative pressure P/P~0~ of *ca.* 0.99. In contrast, its precursory PS-1 without hypercrosslinking treatment did not have micropores ([Figure 3](#f3){ref-type="fig"}), thus demonstrating the S~BET~ and V~t~ as low as 30 m^2^g^−1^ and 0.15 cm^3^g^−1^, respectively.

In order to test the universality of the hypercrosslinking strategy, we replaced the above crosslinker CCl~4~ with other crosslinkers such as formaldehyde dimethyl acetal (FDA) and divinylbenzene (DVB) to treat PS-1. As shown in [Figure 4](#f4){ref-type="fig"} and [Figure S7](#s1){ref-type="supplementary-material"}, the as-obtained MMPNS samples, i.e., MMPNS-FDA with --CH~2~-- crosslinking bridges and MMPNS-DVB with --(CH~3~)CHC~6~H~4~CH(CH~3~)-- crosslinking bridges ([Figure S5](#s1){ref-type="supplementary-material"}), still presented almost the same DLS curves and SEM images as the MMPNS-CT1, indicating that the inter-sphere crosslinking was also avoided successfully in these two hypercrosslinking systems. Likewise, due to the introduction of micropore structure ([Figure S8](#s1){ref-type="supplementary-material"}), MMPNS-FDA and MMPNS-DVB had high S~BET~ equal to 527 and 332 m^2^g^−1^, respectively, and had large V~t~ of 0.35 and 0.24 cm^3^g^−1^, respectively.

Furthermore, we demonstrated that the hypercrosslinking approach was still feasible for fabricating MMPNSs with smaller diameters. When decreasing the diameter of PS nanospheres from *ca.* 330 to *ca.*170 nm ([Figures S9 and S10](#s1){ref-type="supplementary-material"}), the resulting MMPNS-CT3 with diameter of about 190 nm ([Figure S10d](#s1){ref-type="supplementary-material"}) still had good monodispersity with a low PDI of 0.05 ([Figure 5c](#f5){ref-type="fig"}). The S~BET~ and V~t~ of MMPNS-CT3 were measured to be 407 m^2^g^−1^ and 0.42 cm^3^g^−1^, respectively. However, when the hydrodynamic diameter of PS nanospheres was further decreased to 58 nm ([Figure S9c](#s1){ref-type="supplementary-material"}), the corresponding crosslinked product CPS presented much higher hydrodynamic diameter and PDI (1273 *vs* 58 nm and 0.294 *vs* 0.012, respectively), [Figure S9d](#s1){ref-type="supplementary-material"}. This is because such small nanospheres had a much higher collision probability in solution arising from much higher surface area, and then led to severe crosslinking between neighboring nanospheres.

To demonstrate usefulness and advantage of the unique MMPNSs, we studied their colloidal stability, adsorption properties and carbonization performance. It is known that crosslinked polymeric nanospheres often cannot be dispersed in aqueous solution because of lack of colloidal stability[@b42][@b43]. Surprisingly, we found that MMPNSs, e.g., MMPNS-CT1, can be directly dispersed in water, and the obtained buff colloidal dispersion of MMPNS-CT1 was well stable, judging from the fact that no any precipitation occurred after standing for a long time, e.g., 30 days, [Figure 6a](#f6){ref-type="fig"}. In contrast, CPS with severe inter-sphere crosslinking failed to stably disperse in water ([Figure S11](#s1){ref-type="supplementary-material"}). Such a good colloidal stability of MMPNSs can be well supported by Zeta potential measurement. [Figure 6b](#f6){ref-type="fig"} gives Zeta potentials of MMPNS-CT1 dispersion in aqueous solution with different pH values. It can be clearly seen that over the total pH range from 2 to 13, its Zeta potentials were basically below −30 mV. This indicates that the sphere surface of MMPNS-CT1 was negatively charged, which could be derived from the potassium persulfate initiator for emulsion polymerization ([Figure S12](#s1){ref-type="supplementary-material"}). More importantly, the absolute value of above 30 mV confirms that MMPNS-CT1 can be stably dispersed in aqueous solution, because of strong electrostatic repulsion.

It is known that aggregation and ununiformity of drug carriers often lead to an inferior targeting, reducing the efficiency of therapeutic drug[@b44]. Obviously, this class of discrete and uniform MMPNSs with good dispersibility in aqueous solution should have a great potential for use as drug carriers. Thus, we characterized the adsorption and release performance of drug model captopril for MMPNS-CT1 in aqueous solution at body temperature (37°C). We found that MMPNS-CT1 showed a high adsorption capacity toward captopril, i.e., 100 mg g^−1^, a quite substantial value. More importantly, MMPNS-CT1 was found to have no obvious initial burst release, which helps reduce many side effects[@b45]. For example, in the first 1h, only 5 wt.% of captopril was released ([Figure 7a](#f7){ref-type="fig"}), which was negligible. After 48 h, 58 wt.% of drug was released, indicating a good sustained-release behavior. In addition, it was found that the reused MMPNS-CT1 still released 51 wt.% of captopril at 48 h ([Figure 7a](#f7){ref-type="fig"}), demonstrating good recycling performance.

Besides the above adsorption properties toward drugs, we also explored the adsorption performance toward organic vapors for MMPNSs. It can be found from [Figure 7b](#f7){ref-type="fig"} that MMPNS-CT1 has high adsorption capacities toward organic vapors such as toluene and methanol at various relative pressures. For example, at P/P~0~ = 0.9, the specific adsorption capacity per unit surface area for MMPNS-CT1 was 0.91 and 0.93 mg m^−2^ for methanol and toluene, respectively, which was comparable to that of ordered mesoporous polymer[@b38].

Generally, carbonization is an important approach to provide novel structures and properties to polymer-based materials, such as achieving conductive and electrochemical performances[@b46][@b47][@b48][@b49][@b50][@b51] and generating micropores[@b52][@b53][@b54], which greatly extends their applications. Therefore, we tried to produce MMCNSs by carbonization of MMPNSs. We found that direct carbonization of MMPNS-CT1 at 900°C failed to obtain monodisperse carbonized product, because of very serious particle agglomeration which commonly occurs during high-temperature pyrolysis for carbon materials ([Figures S13 and S14](#s1){ref-type="supplementary-material"}). However, we surprisingly discovered that when imposing a simple hydrothermal pretreatment at 180°C on MMPNS-CT1 ([Figure S15](#s1){ref-type="supplementary-material"}), a well-defined discrete MMCNS product with a carbonization yield of 38 wt.% can be successfully fabricated by subsequent pyrolysis at 900°C. MMCNS presented a very low PDI of 0.005 (DLS curve in [Figure 8a](#f8){ref-type="fig"}) and a perfect spherical morphology (TEM image in [Figure 8b](#f8){ref-type="fig"}). The diameter of MMCNS was measured to be 224 nm by analyzing SEM image ([Figure S15c](#s1){ref-type="supplementary-material"}), which was smaller than that of MMPNS-CT1 (246 nm), indicating a framework shrinkage because of mass loss after carbonization. The graphitic crystallite structure of MMCNS was investigated by Raman spectroscopy ([Figure S16](#s1){ref-type="supplementary-material"}). The Raman spectrum with a Gauss Fit Multipeaks analysis showed that MMCNS had four bands around 1170, 1345, 1539, and 1600 cm^−1^. The band around 1600 cm^−1^, known as the G (graphitic) mode, was attributed to "in-plane" zone-center atomic vibrations of large graphite crystallites[@b55]. The band around 1345 cm^−1^, often called as D (disordered) mode, was ascribed to the phonons near the Brillouin zone boundary active in small crystallites or on the boundaries of larger crystallites[@b56]. In addition, there were two weak bands around 1100 and 1530 cm^−1^, denoted as sp^3^ and A (amorphous) mode, respectively. The sp^3^ mode was attributed to the Raman scattering of sp^3^ carbon atoms, indicating low graphite character[@b57], while the A mode was associated with amorphous sp^2^-bonded forms of carbon arising from interstitial defects of MMCNS[@b58].

As demonstrated in [Figure S14b](#s1){ref-type="supplementary-material"}, MMCNS can be well dispersed to water, forming a well stable colloidal dispersion. We revealed that the hydrothermal pretreatment played a role of liquid-phase preoxidation ([Figure S17](#s1){ref-type="supplementary-material"}), as evidenced by an obvious increase of oxygen content (18.6 *vs* 16.0%) in [Table S1](#s1){ref-type="supplementary-material"} and appearance of additional carboxylic group in XPS spectrum, [Figure S18](#s1){ref-type="supplementary-material"}. This greatly improved the thermal stability of MMPNS-CT1 during carbonization (see TG curves in [Figure S19](#s1){ref-type="supplementary-material"}), minimizing the side effect of particle agglomeration. N~2~ adsorption measurement showed that as compared to MMPNS-CT1, MMCNS had a significantly higher S~BET~ (1357 *vs* 386 m^2^g^−1^) and a much larger V~t~ (1.02 *vs* 0.28 cm^3^g^−1^), because of generation of numerous new micropores during pyrolysis ([Figures 8c and 8d](#f8){ref-type="fig"}). The hydrothermal pretreatment was found to facilitate formation of such pyrolysis-induced micropores, as indicated by an obvious increase in S~BET~ (1357 *vs* 542 m^2^g^−1^) and V~t~(1.02 *vs* 0.31 cm^3^g^−1^) when comparing carbonized products with and without this pretreatment. To the best of knowledge, there have been rare reports about fabrication of such monodisperse high-surface-area carbon nanospheres without any additional activation posttreatment.

Discussion
==========

We have demonstrated a simple yet versatile approach for the fabrication of discrete, uniform and dispersible MMPNSs based on a hypercrosslinking procedure. The rapid formation of an unreactive crosslinked outer skin at the very beginning of Friedel-Crafts reactions of PS nanospheres can minimize the undesired inter-sphere crosslinking, thus producing individual polymeric nanospheres with a well-developed microporosity. The as-prepared MMPNSs with high surface areas (332--527 m^2^g^−1^) and large pore volumes (0.24--0.42 cm^3^g^−1^) presented remarkable colloidal stability in aqueous solution. MMPNSs were found to perform well as a sustained-release drug carrier with a high drug loading capacity and negligible initial burst release, and as an adsorbent for organic vapors. Furthermore, we discovered that MMPNSs can be extensible to MMCNSs, whose surface area and pore volume were as high as 1357 m^2^g^−1^ and 1.02 cm^3^g^−1^, respectively, via a facile hydrothermal-assisted carbonization procedure. To the best of our knowledge, there have been rare reports about the direct transformation from polymeric to carbonaceous framework for small-sized nanospheres without sacrificing the highly desired monodispersibility during carbonization. We hope that these highly monodisperse polymeric and carbonaceous nanospheres with a well-developed microporous network may lead to the discovery of more unique and unusual functions, and thus provide new opportunities for fields such as adsorption, separation, medicine, catalysis and energy.

Methods
=======

Materials
---------

Styrene (St, Aldrich, 99%) was purified by passing through a basic alumina column. Dichloroethane was used after distillation. Divinylbenzene (DVB, Aldrich, 80%), anhydrous aluminum chloride (AlCl~3~, Aldrich, 99.99%), anhydrous ferric chloride (FeCl~3~, Aladin, 98%), formaldehyde dimethyl acetal (FDA, Sigma, 98%), carbon tetrachloride (CCl~4~, Aldrich, 99.5%), sodium dodecyl sulfate (SDS, Tianjin Chemical Reagent Factory, A.R.) and potassium persulfate (KPS, Tianjin Chemical Reagent Factory, A.R.) were used as received.

Preparation of monodisperse polystyrene (PS) nanospheres with DVB precrosslinking
---------------------------------------------------------------------------------

Monodisperse PS nanospheres were prepared according to the reported literature[@b59]. PS-1 was synthesized according to the ratio of Water/St/DVB/SDS/KPS = 100 ml/2.5 ml/0.5 ml/25 mg/100 mg. SDS was dissolved in deionized water in a three-necked flask. After mechanical stirring for 15 min, the flask was purged with nitrogen. Subsequently, St and half of the total amount of DVB were added. After stirring for another 5 min, KPS was added to initiate the polymerization at 75°C. After 3 h, the rest of DVB was added into the emulsion, and the polymerization was continued for another 24 h. The product was washed in ethanol via three centrifugation/redispersion cycles and then dried at 50°C under vacuum.

Synthesis procedures of PS-2, PS-3 and PS-4 were the same as that of PS-1 except that the amount of SDS was 0 mg, 50 mg and 100 mg, respectively.

Preparation of MMPNSs
---------------------

For synthesis of MMPNS-CT1, 1.0 g of PS-1 was dispersed and swelled in 30 mL of CCl~4~, and then 2.8 g of AlCl~3~ in 30 ml of CCl~4~ was added to the above mixture. The reaction was carried out at 75°C for 24 h under stirring. 50 ml HCl/acetone was added slowly to the resulting mixture. The product was filtered off, washed with acetone, 1 M hydrochloric acid and pure water, and then dried under vacuum.

For preparation of MMPNS-FDA, 0.25 g of PS-1 was dispersed in 40 ml dichloroethane, followed by addition of 2 ml of FDA. After stirring for 15 min, 3 g of FeCl~3~ was added to the above mixture. The reaction was carried out at 80°C for 24 h under stirring. 50 ml HCl/acetone was added slowly to the resulting mixture. The product was filtered off, washed with acetone, 1 M hydrochloric acid and pure water, and then dried under vacuum.

Preparation procedure of MMPNS-DVB was the same as that of MMPNS-FDA except that DVB was employed as the crosslinker. Preparation procedures of other MMPNSs (i.e., MMPNS-CT2 and MMPNS-CT3) and the control sample CPS were the same as that of MMPNS-CT1 except that PS-2, PS-3 and PS-4 were employed as the raw material, respectively.

Preparation of MMCNS
--------------------

0.3 g of MMPNS-CT1 was dispersed in 50 mL of deionized water in a sealed autoclave. Subsequently, the sealed autoclave was kept in 180°C for 5 h. After filtration and drying under vacuum at 50°C, the hydrothermal-pretreated MMPNS-CT1 was carbonized by heating to 900°C with a heating rate of 5°C/min for 3 h under N~2~ flow. For comparison, a carbonized product of MMPNS-CT1 without hydrothermal pretreatment was also prepared under the same carbonization condition.

Characterization
----------------

Dynamic light scattering (DLS) measurements were carried out at 25°C on a Brookheaven Zeta PALS Instrument with a 532 nm laser at a scattering angle of 90°, providing the PDI and hydrodynamic diameter (i.e., the maximum in the DLS particle size distribution curve). The zeta-potential measurement was conducted on a Brookenheaven Zeta PALS with BI-ZTU titration unit at various pH values and a conductance of 300 μS. The nanostructures of the samples were also investigated by a Hitachi S-3400 scanning electron microscope (SEM), and FEI Tecnai G2 Spirit transmission electron microscope (TEM). About 100 nanospheres in a SEM image were picked at random, and then a statistical analysis of the particle size distribution was carried out. The maximum in the resulting particle size distribution curve was referred to as the diameter of nanospheres. N~2~ adsorption measurement was carried out using a Micromeritics ASAP 2012 analyzer at 77 K. The BET surface area (S~BET~) was determined by Brunauer-Emmett-Teller (BET) theory. The total pore volume (V~t~) was estimated from the amount adsorbed at a relative pressure P/P~0~ of *ca.* 0.99. The pore size distribution was analyzed by original density functional theory (DFT) combined with non-negative regularization and medium smoothing. The thermal stability of the samples was monitored using a thermogravimetric analysis (TGA Q50) from 80 to 800°C under nitrogen with a heating rate of 10°C/min. FTIR spectrum was collected at room temperature on a Bruker Equinox 55 Fourier transform infrared spectroscopy. The elemental analysis was executed by using the Elemental Analyzer Vario EL. X-ray photoelectron spectroscopy (XPS) (ESCALab250) was used for XPS spectrum, and Raman spectrum was conducted on a Renishaw inVia Laser Micro-Raman Spectrometer. A Hiden IG-3 intelligent gravimetric analyzer was used to determine its adsorption capacity toward organic vapors. Shimadzu UV-Vis-NIR Spectrophotometer was used to detect the adsorption capacity and release profile toward captopril. Captopril loading was performed by immersing the MMPNS samples in an aqueous solution containing 1 mg/ml captopril with stirring at room temperature for 24 h. The adsorption capacity was calculated by measuring captopril concentrations before and after adsorbed by MMPNSs. The release experiment was conducted by putting the captopril-loaded MMPNSs into dialysis bags (molecular weight cut off = 7000), followed by soaking the dialysis bags into distilled water at room temperature. At predetermined time intervals, 1 ml of solution have been taken out to test the amount of released captopril and an equal volume of deionized water was immediately added to keep the volume constant.
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![DLS curve (a), SEM image (b), TEM image (c) and high-resolution TEM image (d) of the representative monodisperse microporous polymeric nanosphere sample MMPNS-CT1 obtained by hypercrosslinking of PS-1.](srep01430-f2){#f2}

![N~2~ adsorption-desorption isotherm (a) and DFT pore size distribution curve (b) for PS-1 and MMPNS-CT1.](srep01430-f3){#f3}
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![(a) Photographs of the MMPNS-CT1 dispersion in water before and after standing for 30 days; (b) Zeta potential as a function of pH for the aqueous dispersion of MMPNS-CT1.](srep01430-f6){#f6}

![(a) Cargo release profile of MMPNS-CT1 and reused MMPNS-CT1; (b) specific adsorption capacity toward methanol vapor and toluene vapor at various relative pressures for MMPNS-CT1.](srep01430-f7){#f7}
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